21 22 Pyruvate:ferredoxin oxidoreductase (PFO) and iron only hydrogenase ([Fe]-HYD) are 23 common enzymes among eukaryotic microbes that inhabit anaerobic niches. Their function is 24 to maintain redox balance by donating electrons from food oxidation via ferredoxin (Fd) to 25 protons, generating H 2 as a waste product. Operating in series, they constitute a soluble 26 electron transport chain of one-electron transfers between FeS clusters. They fulfill the same 27 function -redox balance -served by two electron-transfers in the NADH-and O 2 -28 dependent respiratory chains of mitochondria. Although they possess O 2 -sensitive FeS 29 clusters, PFO, Fd and [Fe]-HYD are also present among numerous algae that produce O 2 . 30 The evolutionary persistence of these enzymes among eukaryotic aerobes is traditionally 31 explained as enabling facultative anaerobic growth. Here we show that algae express 32 enzymes of anaerobic energy metabolism at ambient O 2 levels (21% v/v), Chlamydomonas 33 reinhardtii expresses them with diurnal regulation. High O 2 environments arose on Earth 34 only some ~450 million years ago. Gene presence absence and gene expression data indicate 35 that during the transition to high O 2 environments and terrestrialization, diverse algal lineages 36 retained enzymes of Fd-dependent one-electron based redox balance, while the land plant and 37 land animal lineages underwent irreversible specialization to redox balance involving the O 2 -38 insensitive two-electron carrier NADH. 39 40 Highlights 41 42 -Algae express enzymes of anaerobic metabolism in 21% [v/v] O 2 atmosphere, independent 43 of anaerobiosis 44 -Retention of a plastid-encoded NADH dehydrogenase-like (NDH) was likely a 45 prerequisite for the transition to life on land 46 -Terrestrialization and adaption to high O 2 is accompanied by a shift to redox balance at 47 higher midpoint potentials 48 -Eukaryotes adapted to high O 2 life on land via specialization to two-electron based redox 49 balance 50 51
and a matter of active debate. What is more certain is the rise of oxygen concentration to 83 extant levels due to a streptophyte alga conquering land some 500 million years ago and the 84 beginning of massive terrestrial carbon burial. Ma, million years ago. 85 86
The enzymatic backbone of redox balance in anaerobic energy metabolism in unicellular 87 eukaryotes are pyruvate:ferredoxin oxidoreductase (PFO) and [Fe-Fe] hydrogenase ([Fe]-88 HYD), which were first described for eukaryotes in studies of carbon and energy metabolism 89 in trichomonad hydrogenosomes (Lindmark and Müller, 1973) . The ecophysiological 90 function of these enzymes, together with a larger set of proteins widely distributed across 91 eukaryotes ( Fig. 2 2008), in the same way that fermentation enzymes are hypoxia-induced in higher plants 130 (Loreti et al., 2018) . However, the expression in O 2 -producing algae of enzymes associated 131 with anaerobic redox balance has not been studied under normoxic conditions. Here, we 132 investigated gene expression data from eukaryotic algae grown at ambient O 2 levels (21% 133 v/v) to better understand the physiology, function and evolutionary persistence of Fd-134 dependent enzymes for one electron based redox balance in algae. 135 136 137
Distribution of enzymes for anaerobic metabolism in eukaryotes 138 139
The distribution of 47 genes for enzymes involved in anaerobic energy metabolism (Müller et 140 al. 2012 ) in 56 eukaryotes spanning the diversity of known lineages is summarized in Fig. 2 . 141
The enzymes are widely distributed across diverse eukaryotic lineages, although missing in 142 some, consistent with a standard process of ecological specialization to aerobic and anaerobic 143 habitats entailing the process of differential loss (Ku et al. 2015) . The presence of the genes in representatives of the major algal groups (Fig. 2) raises the 179 question of whether and when they are expressed. This is important, because genes for 180 anaerobic energy metabolism have been retained in some eukaryotes with strictly O 2 -181 dependent energy metabolism (Bexkens et al., 2018). To determine whether enzymes of 182 anaerobic redox balance are expressed independent of anaerobic culturing conditions, we 183 generated transcriptome data for several algal lineages with sequenced genomes: the red alga 184
Porphyridum purpureum, the glaucophyte Cyanophora paradoxa, the chlorarachniophyte 185
Bigelowiella natans with a plastid of secondary green origin, and the cryptophyte Guillardia 186
theta with a plastid of secondary red origin. All algae were grown under the same culturing 187 conditions and at ambient O 2 levels of 21% [v/v]. In all algae, including algae with secondary 188 plastids ( Fig. 3a) , we were able to detect the expression of at least a subset of the 189 corresponding genes. It is well known that other algae such as Vitrella brassicaformis and 190
Chromera velia encode a set of anaerobic enzymes that is as complete as that of shows that the enzymes are mostly expressed in a diurnal manner under aerobic growth 209 conditions. PFL is again seen to be expressed at high levels throughout (to the extent of a 210 house-keeping gene), but with a peak early on during the dark phase that matches that of the 211 other genes in question. 212 213
The high-resolution RNA-Seq data available for C. reinhardtii (Zones et al. 2015 ) provided 214 detailed insights into expression of enzymes for redox balance over the time course of 24h. 215
Chlamydomonas is among the algae that has preserved the most complete repertoire of O 2 -216 sensitive enzymes involved in redox balance among eukaryotes studied so far (Fig. 2) expresses them in the presence of 21% oxygen and in a diurnal fashion (Fig. 3b ). PFL is 218 found to be constantly expressed, but more so during the dark phase and in particular towards 219 the end of the night (consistent with our RNA-Seq data). The same pattern is observed for its 220 activating enzyme, although at much lower levels, similar to what is observed in prokaryotes 221 (Crain and Broderick 2014). Other genes in question, including both genes for the [Fe]-HYD 222 catalytic subunit, HydA1 and HydA2, are upregulated with the onset of night (Fig. 3b ). The retention and anaerobiosis-independent expression of Fd-dependent enzymes in algae, 261 together with their localization to plastids in cases studied to date, indicates that the enzymes 262 have been retained during algal evolution as the result of selection for redox balance in cells 263 with one electron transport. In terms of gene distribution (Fig. 2) and phylogeny 264
( Supplementary Information Fig 1) , the enzymes of anaerobic energy metabolism in 265 eukaryotes trace to the eukaryote common ancestor (Ginger et al. 2010 ; Atteia et al. 2013) 266 (Fig. 2) , hence the archaeplastidan founder lineage that acquired the cyanobacterial ancestor 267 of plastids already possessed them. 268 269
Eukaryotic enzymes involved in Fd-based redox balance have been the subject of many 270 evolutionary investigations. There are two alternative hypotheses to account for their 271 presence in eukaryotes. One has it that the Fd-dependent enzymes were present in the 272 eukaryote common ancestor, which was a facultative anaerobe that was able to survive with 273 or without O 2 as terminal acceptor, and were involved in its energy metabolism and redox 274
balance ( (Fig. 1) , the diurnal 293 expression of Fd-dependent enzymes in algae at 21% [v/v] O 2 (Fig. 3) and independent of 294 anaerobic growth conditions is incompatible with the view that the presence of these genes 295 has anything to do with lateral acquisitions for adaptation to anaerobiosis. Rather, the data 296 indicate that the genes for Fd-dependent redox balance were present in the eukaryote 297 common ancestor, lost in some lineages during specialization to permanently oxic habitats 298 (Fig. 4) , and retained in lineages that did not undergo the irreversible adaptation to complete 299 O 2 dependence and NADH dependent redox balance (Fig. 1) . 300 301
Evolutionary responses to redox balance in eukaryotes can include recompartmentalization of 302 pathways (Martin 2010) within plastids in algae studied to date, the Fd-dependent enzymes PFO and [Fe]-HYD were 306 recompartmentalized to the plastid during algal evolution. In the plastid they assumed 307 essential roles in light-dependent redox balance in an organelle that, upon contact with light, 308 has no choice but to commence photosystem I dependent Fd reduction, rapidly depleting the 309 available Fd ox pool. In land plants, Fd red is mainly reoxidized by ferredoxin:NADP + 310 oxidoreductase (FNR), NADPH being reoxidized in turn by NADP + -dependent 311 glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cerff 1982) in the Calvin cycle. In 312 aquatic environments, CO 2 is more limiting than in air, for which reason algae have evolved 313 diverse CO 2 concentrating mechanisms (Giordano et al., 2005) . Algae thus require a means in 314 addition to CO 2 fixation for redox balance at the onset of illumination, Fd-dependent 315 enzymes of anaerobic energy metabolism fulfill that role. That functional aspect, redox 316 balance in the plastid rather than anaerobiosis, accounts for diurnal expression and retention 317 of enzymes for anaerobic redox balance among many independent algal lineages (Fig 1) . the high O 2 environment into which the first land animals followed (Fig. 4) . The colonization 327 of land was, physiologically, an adaptation to high O 2 air. That adaptation to high O 2 328 witnessed the loss of Fd-dependent redox balance independently in both the land plant and 329 land animal lineages (Fig. 4) The retention of the chloroplast encoded NADH dehydrogenase complex (cpNDH) 354 specifically in the land plant lineage (Fig. 1) As part of a larger study (Ku et al., 2015) sequences from 55 eukaryotes and 1,981 385 prokaryotes (1,847 bacteria and 134 archaea) were clustered into protein families in order to 386 identify eukaryotic proteins with prokaryotic homologs. This approach resulted in 2,585 387 disjunct clusters that contain at least two eukaryotes and no less than five prokaryotes. Within 388 these 2,585 eukaryote-prokaryote clusters (EPCs) using existing annotations we identified 42 389 clusters containing proteins involved in anaerobic energy metabolism, which were relevant 390
for the current analysis ( Supplementary Table 1 ). Phylogenetic trees and results from the tests 391 on eukaryote monophyly were taken directly from the analysis performed in Ku et al., 2015 392 (shown in Supplementary Table 1 ). For proteins that did not have an EPC in Ku et al., 2015 393 the same dataset was used to perform a BLAST search and only hits with an identity of 394 greater than 30% and an e-value less than 10 -10 were considered and provided in 395 supplementary table S2. All the sequences that were used to identify the EPCs and perform 396 the BLAST search are provided in Supplementary File 1 along with the BLAST hits. 397 398
Cultivation of algae, RNA isolation and transcriptomics. 399 400
All algae were grown in their respective media (see SAG Göttingen or ncma.bigelow.org) in 401 aerated flasks under controlled conditions at 22°C and illuminated with 50µE under a 12/12h 402 day-night cycle. RNA was isolated from cells growing in the exponential phase and at 6h into 403 the day and 6h into the night. RNA was isolated using either Trizol TM reagent (Thermo 404
Fisher, Cat. No.: 15596018) or the Spectrum TM Plant Total RNA Kit (Sigma Aldrich, Cat. 405
No.: STRN50) according to the manufacturer´s protocols. Then, samples were DNase treated 406 (DNase I, RNase free, Thermo Fisher, Cat. No.: EN0525) and RNA-Seq was performed at 407
the Beijing Genome Institute (BGI, Hong Kong) using an Illumina HiSeq2000 resulting in 408 150bp paired-end reads. For each sample, three individual runs were performed and pooled. 409
Raw reads were subjected to several cleaning steps. First, adapter sequences as well as reads 410
containing more than 5% of unknown nucleotides or more than 20% of nucleotides with 411 quality scores less than 10 were removed. Further, reads were processed using trimmomatic 412 (version 0.35) (Bolger et al. 2014) by removing the first 10 nucleotides as well as reads 413
which showed a quality score below 15. Additionally, poly-A/T tails (https://github.com/TransDecoder/TransDecoder/wiki). These ORFs were used for a BLAST 420 with an identity cut off of 30% against the genome of the respective organisms to verify their 421 presence in the genome and to remove possible contaminations. Transcriptomes are available 422 at [accession numbers will be made available once the manuscript has been accepted]. 423 424
